Color vision deficiency (CVD) simulation methods are used both to simulate color vision of color-deficient people and as input for image enhancement methods for the color-deficient. However, a broad survey comparing different simulation methods has yet been left undone. We propose a methodology best known from behavioral science to evaluate, compare and rank different simulation methods. By using accuracy and response time data from match-to-sample experiments, we can assess behavioral performances of simulation methods. We show firstly that the match-to-sample paradigm is well suited to show performance differences of the observer groups. Secondly, we show that the CVD simulation methods do indeed simulate the desired CVD to some degree. And thirdly, we show that the proposed methodology can be used to rank different simulation methods. Our results indicate that the simulation method proposed by Brettel et al. performs best among the tested simulation methods.
Introduction
Around 4% of the population faces significant problems in differentiating colors due to so-called color vision deficiencies (CVDs). For a person with normal color vision, it is difficult to understand the perception of someone with 5 CVD. Thus, CVD simulation methods have been presented to emulate color-deficient vision for normal-sighted people.
These methods are also used in many color image enhancement methods for the color-deficient.
However, a standardized method in evaluating various 10 CVD simulation methods does not exist. This method would investigate, if simulation methods work, and how well they perform.
Background
The majority of people with normal-sighted or trichromatic vision can differentiate between millions of different shades of color under certain viewing conditions. Photosensitive sensors called cones on the retina of the hu- test [7] , the Lanthony D15 desaturated [8] or the anomaloscope [9] . There exist also digital versions of the FM100H CVD test [10? ].
Visual perception of color-deficient people is somewhat 60 different from that of normal-sighted people. It has been shown for example that colors along the red-green axis are mapped towards colors along the yellow-blue axis or towards neutral colors respectively for protan and deutan color-deficient people [11] . CVD simulation methods try to imitate this mapping in order to emulate color-deficient vision for the normal-sighted. Simulation methods are often used in so-called daltonization methods. These are automatic methods that improve images for those who are color-deficient by making contrasts between confusion col-70 ors more visible for the color-deficient. Many daltonization methods require the simulation of the original image using a CVD simulation method. It follows that we need to ensure that CVD simulation methods simulate CVDs as accurately as possible for a good daltonization method.
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Many simulation methods have been proposed [12] [13] [14] [15] [16] .
Brettel et al. [11] proposed a dichromat simulation using a projection in three-dimensional LMS color space onto a plane that is known to be uniquely visible for both trichromats and dichromats. Viénot et al. agram. Finally, Kotera [15] presented a third approach of simulation by converting the original image into the perceptual IPT color space [18] , and reducing the contribution of the P-channel for protan and deutan color-deficient, or of the T-channel for tritan color-deficient people re-95 spectively. This last simulation method provides both the simulation of dichromatic and anomalous trichromatic vision. Yang et al. [10] proposed digital CVD simulation for anomalous trichromats based on shifting the sensitivities of the traditional LMS color matching functions by a 100 certain confusion wavelength. Flatla and Gudwin [19] presented a personalized CVD simulation based on empirical measurement of color differentiation abilities that can also simulate anomalous trichromacy.
Color perception is in its core an utterly subjective expe-105 rience. To-date it is impossible to fully understand how a different person than oneself perceives color. But internal subjective processes can be made objectively more accessible. A branch in psychology called behaviorism has the goal to form psychological theories on observable events, in 110 which a stimuli that is sensible for a person causes a measurable reaction [20, Page 14] . A behavioral methodology is for example match-to-sample [20] , in which a sample stimulus or target stimulus is presented to an observer adjacent to two or more comparison stimuli [20, Page 251] . 
Method and Implementation
We presented in a previous paper [23] a behavioral ex- The workflow of the proposed method: At first, the target image is presented to the observer. In the above example the simulation is shown. Secondly, the image is presented in its original and one simulated version, and the observer has to decide whether the target image that he has just seen before is now located on the left or on the right side of the screen. In the above example the simulated version is located on the left, so the observer is correct, if he/she clicks on the left arrow key. The program records response time and correctness and moves on to the next target image.
were either very colorful and that contained a lot of neutral colors, images that either contained colors that were difficult to differentiate for color-deficient observers and colors that were easy to distinguish for everybody (cf. Figure 2 ).
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We decided to concentrate on three main CVD simulations representing three major color spaces and gamuts used in color science and the industry: The brettel method is based on the LMS color space, the kotera method is based on the IPT color space, and the vienot method is 190 based on a typical CRT screen gamut. In addition to the mentioned three, we introduced some minor adjustments to the vienot method. In the original paper, Viénot et al. start with a conversion of the original DAC values to linear sRGB by using a non-complex gamma transform.
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We replaced this step with the standard companding procedure defined by the sRGB specification by the International Electrotechnical Commission, used the sRGB2XYZ matrix [25] and used the XYZ2LMS matrix as proposed by Smith and Pokorny [1, Page 615] . Since the original 200 publication in 1998 when CRT screens were the standard, most people to-date consume images on flat screen images that follow the sRGB standard. Thus, we decided to make the special adjustment for the sRGB color space.
Lastly, we included a reference dummy method that re- duces the chroma of the image to zero. This reference method is meant to make the difference between original and "simulated" version obvious to both normal-sighted and color-deficient observers.
According to the behavioral reponse, we expect several 210 observations:
1. We expect differences in both accuracy and response time data between normal-sighted and color-deficient observers. Namely, we predict lower accuracies and higher response times for color-deficient observers. for example, will lead to accuracies of 0.5.
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For the data analysis, we implemented a variety of statistical methods. The accuracy has been computed according to the formula [26, Chapter 6] [27] :
Where n total is the total number of all observations, and 235 n corr is the number of correct observations. The confi-dence interval of the accuracy has been computed according to the Wilson interval score [27] : 
Results and Analysis

Analysis of the Accuracy Data for Deutan ColorDeficient Observers
In the results of the accuracy data for deutan color- 
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In conclusion, the observations support firstly the hypothesis that match-to-sample can be used to evaluate CVD simulation methods, and secondly that the deuteranopia simulation methods do indeed simulate deutan CVD to some degree. Table 1a ). Since the accu-335 racy for the brettel method is lower than the accuracy for the kotera method, we can deduct that the brettel method simulates deutan CVD better than the kotera method because deutan color-deficient observers confuse the simulation more often with the original. This is somewhat 340 expected since Ebner and Fairchild point out that the P channel of their color space represents the information that is lost by deutan color-deficient observers [18] .
Secondly, the vienot and the vienot-adjusted methods on the one hand have no statistical significant difference 345 to the kotera and the brettel methods on the other hand. It is not surprising that the vienot and the vienot-adjusted methods perform very similar to the brettel method because they are are based on a similar idea. However, we would have expected a more visible difference.
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Finally, there is a statistical significant difference be- tween the dummy method on the one hand and all other simulation methods on the other hand as we predicted.
This supports the general validity of our experimental setup. Namely, that the accuracy data can indeed be used
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for the evaluation of CVD simulation methods.
Analysis of the Response Time Data for Deutan Color-Deficient Observers
In the analysis of the response time (RT) data, we included only response times of correct answers. This is common for the data analysis of this type of experimentation [22] . The response time data is not distributed normally, neither is the log distribution (cf. Figure 5) . Consequently, we focused on the medians of the distributions rather than the means of the distributions. The box plots 365 in Figure 3ii and section 4.1 show the median indicated by a red line; the notch represents the width of the confidence interval of the median, which has been computed using a Gaussian-based asymptotic approximation [35] ; and the whiskers depend on the interquartile range of the distri- racy of the proposed match-to-sample evaluation methods can indeed be used to rank CVD simulation methods in order to find out which method depicts CVD most accurately.
Discussion
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The analysis of the results revealed two major points. 
Conclusion
We present a proof-of-concept for using the behavioral paradigm for the evaluation of CVD simulation methods.
More precisely, we introduced an evaluation method analyzing the response time and accuracy data from a match- a simulations for anomalous trichromats as well [13] .
